Nineteen strains of gram-negative organisms representing 10 Haemophilus species, Eikenella corrodens, and the so-called Haemophilus vaginalis were investigated for cytochromes and respiratory quinones. Phenotypical variation of cytochrome and quinone contents was checked using cells grown with oxygen and fumarate as alternative electron acceptors. The cytochromes were detected by difference spectra of briefly sonicated cells a t room temperature, and the quinones were determined in lipid extracts by difference spectrophotometry and partly by thin-layer chromatography. In contrast to other conventional groups of chemo-organotrophic, gram-negative bacteria that have been found to be highly homogeneous with respect to the respiratory chain components, the organisms investigated here may be divided into three categories by their respiratory quinones, namely (i) bacteria containing desmethylmenaquinone as sole respiratory quinone-H. presented may contribute to further characterization, independent of growth factor requirements, of the taxonomic entities investigated. In the absence of information on deoxyribonucleic acid relatedness between the organisms under study, a provisional reclassification of Haemophilus and related taxa on the basis of respiratory quinones is discussed.
Nineteen strains of gram-negative organisms representing 10 Haemophilus species, Eikenella corrodens, and the so-called Haemophilus vaginalis were investigated for cytochromes and respiratory quinones. Phenotypical variation of cytochrome and quinone contents was checked using cells grown with oxygen and fumarate as alternative electron acceptors. The cytochromes were detected by difference spectra of briefly sonicated cells a t room temperature, and the quinones were determined in lipid extracts by difference spectrophotometry and partly by thin-layer chromatography. In contrast to other conventional groups of chemo-organotrophic, gram-negative bacteria that have been found to be highly homogeneous with respect to the respiratory chain components, the organisms investigated here may be divided into three categories by their respiratory quinones, namely (i) bacteria containing desmethylmenaquinone as sole respiratory quinone-H. influenzae, H . aegyptius, H. paraphrophilus, H. parahuemolyticus, H. parainfluenzae (in part), (ii) bacteria containing both ubiquinone and desmethylmenaquinone-H. haemoglo binophilus, H. parasuis, H. paragallinarum, H . parainfluenzae (in part), and (iii) bacteria containing only ubiquinone-H. piscium, so-called H. uaginalis, and E . corrodens. The data presented may contribute to further characterization, independent of growth factor requirements, of the taxonomic entities investigated. In the absence of information on deoxyribonucleic acid relatedness between the organisms under study, a provisional reclassification of Haemophilus and related taxa on the basis of respiratory quinones is discussed.
Requirements for protoheme (or protoporphyrin IX) and/or nicotinamide adenine dinucleotide (NAD) as growth factors have been used as the essential criteria for classification of the chemo-organotrophic, aerobic, nonmotile, gram-negative bacteria of the genus Haemophilus (19) . However, there are a number of examples that heme and/or NAD-requiring bacteria may develop from unrelated parental forms, e.g., Micrococcus pyogenes (12) , Escherichia coli (4), and Bacteroides ruminicola (7). Therefore, the lack of enzymes for the synthesis of heme or pyridine nucleotides is not itself an adequate basis for the classification of haemophiles.
Besides growth factor and complex substrate requirements, a common feature of all Haemophilus species hitherto described appears to be vertebrate parasitism. If they were a phylogenetically homogeneous group, one would have to expect a high degree of phenotypic similarity of the group members in many other respects.
We investigated the question of such similarity in the composition of the respiratory chain. The data presented here indicate that, according to their respiratory quinones, there are several different groups among the so-called haemophilic bacteria. These findings may contribute 'to a new definition of Haemophilus and of contiguous groups of organisms. Aerobic cultures were grown in Fernbach flasks (no. 20511 Schott & Gen., Mainz, Germany) containing 400 ml of medium and aerated by shaking in a rotatory shaker (model G-25, New Brunswick Scientific Co.) at 200 rpm. Oxygen-limited cultures were grown statically in Fernbach flasks filled with 2,000 ml of medium containing fumarate as an additional supplement. The incubation temperature was 37 C except for H. pisciurn, which was incubated a t 20 C. Cells of the early stationary phase were harvested a t 20,000 x g, 0 to 4 C, and washed twice in 0.1 M tridhydroxymethyl\aminomethFe-hydrochloride buffer, pH 7.2.
MATERIALS AND METHODS
Determination of protein. Protein was determined in sonically treated bacterial suspensions by the biuret method using KCN (22) .
Extraction and determination of quinones. Quinones were extracted by the method of Kriiger and Daddk (13) and determined by their characteristic absorption spectra in ethanolic solution, using a recording spectrophotometer (model EPS-3T, Hitachi Ltd., Tokyo). The absorption differences of the reduced minus oxidized quinones at 230 to 300 nm were recorded (13, 18) . The quinone spectra were plotted by the methods of White (25) and Kriiger and Klingenberg (15) .
The amounts of ubiquinone (Q) and desmethylmenaquinone (DMK) were calculated using the difference extinction AZ280-289 = -8.8 mM-I x cm-1 (14) and = 26.7 mM-I x cm-1 (25) . (mM-' x cm-I). When spectrophotometrically pure naphthoquinone extracts were obtained, the presence of even small quantities of Q was excluded by thin-layer chromatography on kieselgel (Merck, Darmstadt, Germany).
Ethylmethylketone (15% vol/vol) in hexane was used as the solvent system (9) . The amount of contaminating Q was then determined by the method of Lester and Ramasarma (171, sensitive to 1.3 nmol of Q.
Determination of cytochromes. Cytochromes were determined by difference spectrophotometry of turbid suspensions of morphologically intact bacteria (that had been sonically treated briefly to insure uncoupling), using a Diffuse Reflectance Accessory of the EPS-3T spectrophotometer. The characteristic spectral properties of cytochromes of aas, a,, d(a,), b, and c types were recognized by the difference spectrum of Na,S,O,-reduced minus H,O,-oxidized Samples of a given bacterial suspension recorded from 390 to 650 nm.
Further spectral properties of cytochrome oxidases and, in particular, of cytochrome o were detected by the difference spectrum Na,S,O,-red/CO minus Na,S,O,-red. The a-maxima of cytochrome pigments in difference spectra (redox) and the corresponding minima in carbon monoxide spectra were used for their identification and quantitative assay (cf. 2, 21).
Since in most instances molar extinction coefficients of bacterial cytochromes in situ are not known, the amount of cytochrome was only specified as absorption difference per gram of bacterial protein and centimeter of optical pathway, corrected for the amplification effect of the diffuse reflectance equipment. The amplification factor was determined from the absorption spectrum of a known amount of cytochrome c (Fluka, Buchs, Switzerland) added to the reference cuvette and recorded over the red minus red base line with each bacterial suspension.
RESULTS
The scope of the present investigation was classification of haemophilic bacteria according to phylogenetic variations in composition of the respiratory chain. Since, however, the phenotypical dynamics of bacterial respiratory chain systems have to be taken into consideration, the bacteria were grown with two alternative electron acceptors, oxygen or fumarate, as described above. Fumarate may serve as a terminal acceptor in anaerobic electron transfer in some gram-negative bacteria (cf. 14, 26). With organisms unable to reduce fumarate, however, only oxygen-limited growth could be expected using the unaerated complex culture medium.
The cytochromes and respiratory quinones of cells harvested in the early stationary phase are shown in Table 2 
DISCUSSION
The data presented suggest that, in addition to aerobic respiration, the majority of the organisms investigated possess a DMK-mediated anaerobic fumarate respiration pathway, whereas other Haemophilus strains that have been found to produce only Q appear to be metabolically related to nonfermentative groups of bacteria.
The taxonomic significance of these findings should be considered in relation to the variability of respiratory chain components in well established groups in order to evaluate this type of criteria, rarely used to date in bacterial classification. As for the distribution of cytochromes, the bacterial strains examined here are qualitatively similar. However, their heterogeneity with respect to the terpenoid quinones is unusual, as other generic groups of bacteria are highly invariable in this respect. As a rule, chemo-organotrophic gram-negative Eubacteriales and Pseudomonadales that utilize organic compounds only by oxidation with oxygen or nitrates as electron acceptors contain Q as the only quinone component of the respiratory chain system (6, 24; E. Callies, manuscript in preparation).
In contrast, many facultatively aerobic gram-negative bacteria which produce acid from carbohydrates in the absence of oxygen or nitrate are able to produce two different respiratory quinones, namely, Q in aerobic respiration, and a naphthoquinone, predominantly menaquinone ( MK is also the respiratory quinone of aerobic and facultatively anaerobic gram-positive bacteria (cf. 6, 11, 16) . Among the fermentative Brucellaceae, the leading Pasteurella and Actinobacillus species produce both Q and DMK (R. Zabel, Ph.D. thesis), a quinone first detected in Streptococcus faecalis (3) and in a strain of Haemophilus parainfluenzae (18) . DMK may be accumulated as a precursor or by-product in MK biosynthesis (23, 24) .
The organisms hitherto ascribed to Haemophilus may be subdivided, according to their respiratory quinones, into (i) bacteria that contain DMK alone, (ii) bacteria containing both Q and DMK, and (iii) bacteria containing only Q. This statement leads to the supposition that the genus Haemophilus in its present composition is probably not a natural group, and even some of the conventional Haemophilus species appear to be heterogeneous. However, we do not rule out that, with organisms in which the ability of synthesizing several respiratory chain components varies so greatly, variation in biosynthesis of the respiratory quinones might be possible as well. Therefore, the following tentative reclassification of Haemophilus and related bacteria, on the basis of the respiratory quinones, deserves further confirmation, in particular, by investigation of DNA relatedness.
Genus Haemophilus sensu strictiori (s.s.). The type species of Haemophilus, H. influenzae, produces DMK as sole respiratory quinone. The position of H . parainfluenzae strain 429 Pittman will remain uncertain until the nature of its second quinone is elucidated.
Nonfermentative bacteria to be eliminated from Haemophilus S.S. Those "haemophilic" bacteria that contain Q as sole respiratory quinone, namely H. piscium and "H. uaginalis," are probably not a homogeneous group of organisms; they should be transferred to already existing or new taxa of gram-negative bacteria. Eikenella corrodens (Bacteroides corrodens) (cf. 10) may be related to some of these organisms because of similar growth requirements and Q content.
"Haemophilus uaginalis" Gardner and Dukes 1955, originally described as a gram-negative organism, was removed from the genus Haemophilus by the majority of the more recent investigators mainly because its Gram reaction depends on the growth medium used (1, 20, 28 , and others). The data presented here, however, although eliminatipg strain Dukes 594 from Haemophilus, do not support the view that "H. uaginulis" could be related to gram-positive taxa; the presence of Q rather confirms the statement of Criswell et al. (8) that strain 594 is a true gram-negative organism since gram-posi-
